BMS-806 and the related compound, #155, are novel inhibitors of human immunodeficiency virus type 1 (HIV-1) entry that bind the gp120 exterior envelope glycoprotein. BMS-806 and #155 block conformational changes in the HIV-1 envelope glycoproteins that are induced by binding to the host cell receptor, CD4. We tested a panel of HIV-1 envelope glycoprotein mutants and identified several that were resistant to the antiviral effects of BMS-806 and #155. In the CD4-bound conformation of gp120, the amino acid residues implicated in BMS-806 and #155 resistance line the "phenylalanine 43 cavity" and a water-filled channel that extends from this cavity to the inner domain. Structural considerations suggest a model in which BMS-806 and #155 bind gp120 prior to receptor binding and, upon CD4 binding, are accommodated in the Phe-43 cavity and adjacent channel. The integrity of the nearby V1/V2 variable loops and N-linked carbohydrates on the V1/V2 stem indirectly influences sensitivity to the drugs. A putative binding site for BMS-806 and #155 between the gp120 receptor-binding regions and the inner domain, which is thought to interact with the gp41 transmembrane envelope glycoprotein, helps to explain the mode of action of these drugs.
The global epidemic of infection by human immunodeficiency virus type 1 (HIV-1), the cause of AIDS (1, 12) , has created an urgent need for new classes of antiretroviral agents. The entry of HIV-1 into host cells consists of several steps, each of which is a potential target for intervention. The HIV-1 envelope glycoprotein complex is a trimer consisting of three gp120 exterior envelope glycoproteins and three gp41 transmembrane glycoproteins (6, 34, 43, 48) . Most of the surfaceexposed elements of the trimeric envelope glycoprotein complex are contained on the gp120 glycoprotein (26, 31) . When the gp120 glycoproteins from different HIV-1 strains or from different strains of the related HIV-2 and simian immunodeficiency viruses (SIVs) are compared, five conserved regions (C1 to C5) and five variable regions (V1 to V5) can be identified (24, 33) . Intramolecular disulfide bonds in the gp120 glycoprotein result in the incorporation of the first four variable regions (V1 to V4) into large, surface-exposed loops (21, 25) . The conserved gp120 regions fold into a core, which contains elements of gp120 important for binding the receptors on the target cell, CD4 and chemokine receptors.
HIV-1 infection is initiated by gp120 binding to CD4 on the target cell surface (8, 14) . The conserved core of HIV-1 gp120 is conformationally changed by CD4 binding, as evidenced by unusually large changes in gp120 entropy documented by isothermal titration calorimetry (27) . These studies suggest that both full-length gp120 and the gp120 core are flexible proteins that are rigidified by CD4 binding (27) . X-ray crystallographic studies have revealed the structure of the HIV-1 gp120 core in the CD4-bound conformation (19, 20, 46) . The HIV-1 gp120 core consists of an inner domain, which is thought to interact with the gp41 ectodomain, and an outer domain, which is heavily glycosylated and thought to be exposed on the trimer surface. Connecting these two domains is the bridging sheet, a four-stranded antiparallel ␤-sheet. The V1 and V2 variable loops project from two of the bridging sheet strands, which serve as a conserved "stem" for the V1/V2 stem-loop on gp120. CD4 contacts all three gp120 core domains and is thought to bring the inner and outer domains into proximity and to structure the conformationally labile bridging sheet. Many of the important contacts between gp120 and CD4 occur at the interface of the three gp120 core domains. The binding of gp120 and CD4 creates a roughly spherical 152 Å 3 cavity at this location. This cavity extends deep into the interior of gp120 and is bounded by amino acid residues from each of the gp120 core domains. These cavity-lining gp120 residues are highly conserved among HIV-1 strains. Phe 43 of CD4, which alone accounts for 23% of the total contacts with gp120, is the only CD4 residue that bounds this cavity. Hence, the cavity has been designated the Phe 43 cavity. In the available crystal structures of gp120 core-CD4 complexes (19, 20) , isopropanol, a component of the crystallization medium, occupies the Phe 43 cavity. The X-ray crystal structures also reveal a water-filled channel that connects the Phe 43 cavity to the gp120 surface and is flanked by the inner domain and bridging sheet. The Phe 43 cavity was suggested to be a potential target for small-molecule binding and inhibition of HIV-1 entry (19, 20, 46) .
The conformational changes induced in the HIV-1 envelope glycoproteins by CD4 binding allow gp120 to interact efficiently with one of the chemokine receptors, CCR5 and CXCR4, that serve as obligate coreceptors for HIV-1 (7, 9, 10, 41, 44) . In addition, CD4 binding can promote conformational rearrangements in the gp41 glycoprotein that are thought to drive the fusion of the viral and target cell membranes (11, 13, 17, 32a) .
Inhibitors of HIV-1 entry have been identified that target the viral envelope glycoproteins and the chemokine receptors. Most gp120-directed inhibitors are large (soluble CD4 derivatives, peptides, and antibodies) and therefore are not orally bioavailable; others bind gp120 less specifically due to electrostatic or lectin-carbohydrate interactions (sulfated polymers, cyanovirin). These properties create challenges for practical implementation of these molecules as drugs. BMS-378806, here called BMS-806, and related compounds are low-molecular-weight inhibitors of HIV-1 entry that were recently identified by using a viral-infection-based screen (2, 22, 42) . BMS-806 was shown to be specific for HIV-1, with no activity against HIV-2 or SIV. BMS-806 is active against HIV-1 isolates irrespective of chemokine receptor preference (22) . BMS-806 has been shown to bind the gp120 glycoprotein (12a, 22). We identify here several gp120 amino acid residues that, when altered, result in the generation of viruses that are much less sensitive to BMS-806 and the related compound, #155, than the wild-type viruses. The location of these amino acid changes provides insight into drug-gp120 binding and the mechanism of action of this class of HIV-1 entry inhibitors.
MATERIALS AND METHODS

Compounds.
Compounds were synthesized as previously described (2, 22) , dissolved in dimethyl sulfoxide, and stored at 5 mM concentrations at 4°C. Just prior to use, the compounds were diluted in phosphate-buffered saline to create 1 mM solutions. The 1 H nuclear magnetic resonance, 13 C nuclear magnetic resonance, infrared, and mass spectra, as well as the specific rotation and melting point of the synthesized BMS-806, match those reported by Wang et al. (42) .
Cell lines. Human 293T embryonic kidney and canine Cf2Th thymocytes (ATCC) were grown at 37°C and 5% CO 2 in Dulbecco modified Eagle medium (Invitrogen) containing 10% fetal bovine serum (Sigma) and 100 g of penicillinstreptomycin (Meditech, Inc.)/ml. Cf2Th cells stably expressing human CD4 and either CCR5 or CXCR4 (23) were grown in medium supplemented with 0.4 mg of G418 (Invitrogen)/ml and 0.15 mg of hygromycin B (Roche Diagnostics)/ml.
Plasmids expressing HIV-1 envelope glycoproteins. The wild-type and mutant HIV-1 envelope glycoproteins were expressed from the pSVIIIenv vector. The glycoprotein mutants were created by site-directed mutagenesis, as previously described (18, 28) . The residue numbering is based upon that of the prototypic HIV-1 HXBc2 envelope glycoproteins, according to current convention (16) . The env genes of the mutated plasmids were sequenced to verify the presence of the desired mutation and the absence of unwanted changes. The mutants are designated by the following nomenclature: wild-type amino acid in single-letter code, residue number, and amino acid to which the residue has been changed.
The ⌬V1/V2 envelope glycoproteins have residues 128 to 194 replaced by a Gly-Ala-Gly linker and have been previously described (45, 47) .
Generation of recombinant HIV-1 expressing luciferase. Recombinant viruses capable of expressing firefly luciferase were created by transfection of human 293T embryonic kidney cells with the pCMV⌬P1⌬envpA HIV-1 packaging plasmid, with the HIV-1 vector encoding luciferase (pHIV-1Luc), and with pSVIIIenv plasmids expressing the HIV-1 envelope glycoprotein variants at a DNA ratio of 1:3:1 by using the Effectene transfection reagent (Qiagen). For the production of viruses pseudotyped with the vesicular stomatitis virus (VSV) G glycoprotein, the pHCMV-G plasmid was used instead of pSVIIIenv. The viruscontaining supernatants were harvested 24 to 30 h after transfection, filtered (0.45-m pore size), divided into aliquots, and stored at Ϫ80°C until further use. The reverse transcriptase activities of all viruses were measured as described previously (30) .
Assay of virus infectivity and drug sensitivity. Cf2Th/CD4-CCR5 or Cf2Th/ CD4-CXCR4 target cells were seeded at a density of 6 ϫ 10 3 cells/well in 96-well luminometer-compatible tissue culture plates (Dynex) 24 h before infection. On the day of infection, BMS-806 or compound #155 (1 to 300 nM) was added to recombinant viruses (10,000 reverse transcriptase units) in a final volume of 50 l and incubated at 37°C for 30 min. The medium was removed from the target cells, which were then incubated with the virus-drug mixture for 48 h at 37°C. The medium was removed from each well, and the cells were lysed with 30 l of passive lysis buffer (Promega) and by three freeze-thaw cycles. An EG&G Berthold Microplate Luminometer LB 96V was used to measure luciferase activity in each well after the addition of 100 l of luciferin buffer (15 mM MgSO 4 , 15 mM KPO 4 [pH 7.8], 1 mM ATP, 1 mM dithiothreitol) and 50 l of 1 mM D-luciferin potassium salt (BD Pharmingen).
Syncytium inhibition assay. Approximately 5 ϫ 10 5 293T cells were seeded in a 60-mm tissue culture plate. After 24 h, the cells were transfected by using Polyfect transfection reagent (Qiagen) with 2 g of the pSVIIIenv plasmid expressing the HIV-1 YU2 envelope glycoproteins. After 24 h, the cells were lifted from the plates by using 5 mM EDTA. Then, 10 4 cells were incubated for 15 min at 37°C with various concentrations of BMS-806 or #155. After incubation, the 293T cells were added to 4 ϫ 10 4 Cf2Th/CD4-CCR5 cells that had been seeded in a 96-well tissue culture plate the day before. The cells were cocultured at 37°C overnight. Syncytia were counted by using a Nikon TE300 inverted microscope.
Modeling BMS-806 binding to HIV-1 gp120. The d1d2 CD4-gp120 core-17b Fab crystal structure (pdb code, 1G9 M) from the HXBc2 strain (19) was used in modeling calculations. The Flo software program (22a) was used to conduct Monte Carlo-based docking studies of the binding of inhibitors to the gp120 core containing polar hydrogen atoms. Crystallographic waters and asparagine-linked glucosamine molecules were included in the gp120 core structure for docking calculations. Water molecules were deleted from either the water-filled channel or the Phe 43 cavity of gp120 on an individual basis prior to docking. The inhibitor molecules were built by using coordinates of similar small-molecule crystal structures. Docking of the inhibitors was conducted with flexible protein residues in the location of either the Phe 43 cavity or water-filled channel.
RESULTS
Specific inhibition of viruses with HIV-1 envelope glycoproteins by compounds. BMS-806 and related molecules have been reported to inhibit HIV-1 specifically (2, 12a, 22). We synthesized BMS-806 and the related compound #155 and examined their abilities to inhibit the single-round infection of recombinant HIV-1 encoding firefly luciferase. The recombinant viruses were pseudotyped with HIV-1 envelope glycoproteins derived from either the CXCR4-using (X4), laboratoryadapted HXBc2 isolate or the CCR5-using (R5) primary YU2 isolate. As a control for specificity, viruses were also pseudotyped with the VSV G glycoprotein. Both BMS-806 and #155 inhibited infection by the viruses with the HXBc2 and YU2 HIV-1 envelope glycoproteins, with 50% inhibitory concentrations (IC 50 ) ranging from 1 to 10 nM (Fig. 1) . Neither compound inhibited infection by viruses with the VSV G glycoprotein. We conclude that BMS-806 and #155 potently and specifically inhibit the infection of viruses with HIV-1 envelope glycoproteins regardless of the chemokine receptor used.
The observed requirement for the HIV-1 envelope glycoproteins for the antiviral effects of BMS-806 and #155 is consistent with the proposal that these drugs exert their inhibitory effects by blocking HIV-1 envelope glycoprotein function. To examine this in a context different from that of virus infection, the ability of the compounds to inhibit syncytium formation mediated by the HIV-1 envelope glycoproteins was examined. BMS-806 and #155 inhibited fusion between 293T cells ex-pressing the HIV-1 YU2 envelope glycoproteins and Cf2Th cells expressing CD4 and CCR5, with IC 50 values of 5 to 10 M (data not shown). Blocking cell-cell fusion mediated by HIV-1 envelope glycoproteins generally requires higher concentrations of Env-directed inhibitors than blocking virus entry (32) . These results indicate that BMS-806 and #155 inhibit the function of the HIV-1 envelope glycoproteins.
Effects of changes in the gp120 V1/V2 stem-loop on drug sensitivity. BMS-806 has been shown to bind the HIV-1 gp120 envelope glycoprotein (12a, 22, 32a). We studied the sensitivity to BMS-806 and #155 of viruses with changes in the gp120 glycoprotein. The V1/V2 variable loops of gp120 are dispensable for HIV-1 replication in tissue-cultured cells (4, 45, 47) . The drug sensitivity of recombinant viruses with either wildtype or V1/V2 loop-deleted (⌬V1/V2) envelope glycoproteins was examined. The envelope glycoproteins were derived from three primary R5 HIV-1 isolates: ADA, YU2, and JR-FL. Recombinant viruses with the wild-type ADA, YU2, and JR-FL envelope glycoproteins were inhibited by BMS-806 and #155 with IC 50 values of Ͻ7 nM (Fig. 2 and Table 1 ). Compared to the viruses bearing the wild-type ADA and YU2 envelope glycoproteins, viruses with the ⌬V1/V2 envelope glycoproteins from these two HIV-1 strains were very resistant to BMS-806 and #155 ( Fig. 2 and Table 1 ). In contrast, viruses with the V1/V2 loop-deleted JR-FL envelope glycoproteins were inhibited by BMS-806 and #155, although not as efficiently as viruses with the wild-type JR-FL envelope glycoproteins ( Fig. 2C and Table 1 ). Thus, deletion of the V1/V2 variable loops of the gp120 glycoprotein dramatically alters the sensitivity of some HIV-1 strains, but not others, to BMS-806 and #155.
When only the V2 variable loop was deleted from the ADA and JR-FL envelope glycoproteins, the sensitivity of the resulting viruses to BMS-806 and #155 exhibited a pattern opposite to that seen with the complete deletion of the V1/V2 loops (Table 1) . Thus, depending on the particular variable loop deleted and the HIV-1 strain of origin of the envelope glycoproteins, viruses with deletions of the V1/V2 variable loops may exhibit dramatic differences in sensitivity to these compounds.
Given the ability of BMS-806 and related compounds to inhibit infection by diverse HIV-1 strains (22) , the effects of alteration of variable gp120 structures on the efficacy of these drugs was unexpected. We considered the possibility that the effects of V1/V2 loop deletion on drug sensitivity might be due to conformational effects on the adjacent, highly conserved V1/V2 stem. Sequence comparisons revealed that the ADA and YU2 envelope glycoproteins have a site of N-linked glycosylation at Asn 197 in the V1/V2 stem, whereas the JR-FL envelope glycoproteins lack this site. The presence or absence of the asparagine 197 glycan has been previously shown to influence the position of the V1/V2 variable loops (15) . We hypothesized that the presence of this carbohydrate moiety influences the resistance of viruses with the ADA ⌬V1/V2 envelope glycoproteins to BMS-806. Asn 197 was altered in the wild-type ADA and the ADA ⌬V1/V2 envelope glycoproteins, and recombinant viruses with these envelope glycoproteins were examined for BMS-806 sensitivity. Viruses with the ADA N197S envelope glycoproteins exhibited a modest degree of resistance (IC 50 ϭ 17 nM) to BMS-806 compared to viruses with the wild-type ADA envelope glycoproteins ( Fig. 2A and Table 1 ). In contrast, viruses with the ⌬V1/V2 N197S and ⌬V1/V2 N197Q envelope glycoproteins, which lack the glycan at Asn 197, were much more sensitive to BMS-806 compared to viruses with the ADA ⌬V1/V2 envelope glycoproteins ( Fig.  2A and Table 1 ). These results indicate that the gp120 V1/V2 loops are not absolutely required for sensitivity to BMS-806. Also, the resistance of V1/V2 loop-deleted viruses to BMS-806 and #155 is dependent upon the presence of an N-linked glycan at Asn 197 in the V1/V2 stem of gp120. Effects of single HIV-1 gp120 amino acid changes that fill the Phe 43 cavity on drug sensitivity. The apparently indirect effects of the changes described above in the V1/V2 stem-loop on HIV-1 sensitivity to BMS-806 and #155 prompted an examination of the contribution of adjacent, more conserved envelope glycoprotein structures to these phenotypes. The V1/V2 stem, which is part of the gp120 bridging sheet, is proximal to the gp120 inner domain and to the interfacial regions of gp120 involved in receptor binding (19, 20, 46) . We tested a panel of HIV-1 envelope glycoprotein mutants, most of which contain single-amino-acid changes in these gp120 regions, for susceptibility to inhibition by BMS-806 and #155. This panel of mutants has been extensively characterized for recognition by conformation-dependent gp120 ligands, including soluble CD4 and multiple monoclonal antibodies (28, (35) (36) (37) (38) 40) . All of the mutant envelope glycoproteins included in the panel are able to bind at least one conformation-dependent ligand efficiently. Moreover, the mutants all support HIV-1 entry, albeit with different efficiencies (Table 2) . Previous studies with these mutant envelope glycoproteins indicate that the sensitivity of HIV-1 infection to entry inhibitors is independent of the basal level of virus infectivity (28, 32, (35) (36) (37) (38) 40) .
The Phe 43 cavity represents a potentially favorable binding site for low-molecular-weight inhibitors of HIV-1 gp120 function (19, 20) . We explored the potential role of the Phe 43 cavity in HIV-1 susceptibility to the inhibitory effects of BMS-806 and #155. Previous studies have demonstrated that a tryptophan substitution for serine 375, which contacts the Phe 43 cavity, fills the cavity and predisposes gp120 to assume a CD4-bound conformation (49) . In viruses with either HXBc2 or YU2 HIV-1 envelope glycoproteins, the S375W change resulted in dramatic levels of resistance to BMS-806 and #155 (Fig. 3A and B and Table 2 ). In contrast, when serine 375 in the HXBc2 envelope glycoproteins was replaced by alanine (S375A), the resulting viruses were as sensitive as the wild-type viruses to these drugs. Thus, an amino acid change that fills the Phe 43 cavity results in significant levels of resistance to both BMS-806 and #155.
Similarly, substitution of Thr 257, which resides near Ser 375 on the outer domain wall of the Phe 43 cavity, resulted in various degrees of resistance to BMS-806 and #155 in proportion to the size of the substituted side chain. The large arginine side chain in the T257R mutant envelope glycoproteins was associated with high levels of resistance to both BMS-806 and #155 ( Fig. 3C and Table 2 ). Viruses with the T257A and T257G mutant envelope glycoproteins, with smaller side chains at residue 257, were less resistant to these drugs. These results are consistent with a requirement for the Phe 43 cavity for optimal BMS-806 and #155 antiviral activity.
Effects of other HIV-1 gp120 amino acid changes on drug sensitivity. The effects of changes in additional amino acid residues in the HIV-1 HXBc2 envelope glycoproteins on sensitivity to BMS-806 and #155 were investigated. Most of the amino acid residues studied are located within the gp120 bridging sheet, inner domain and/or receptor-binding regions. Changes in four gp120 residues (Trp 112, Asp 113, Phe 382, and Met 426) resulted in viruses that exhibited at least 40-fold increases in the IC 50 values for BMS-806 and #155 (Fig. 4 and Table 2 ). Changes in Leu 125, Lys 429, Ala 433, and Met 475 were associated with moderate to high levels of resistance to 
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#155 and intermediate levels of resistance to BMS-806. Viruses with the V120L/K121E envelope glycoproteins were efficiently inhibited by BMS-806 (IC 50 ϭ 7 nM) but were resistant to the highest concentrations of #155 tested (IC 50 Ͼ 300 nM) ( Table 2 ). These results indicate that changes in particular gp120 residues confer degrees of resistance to BMS-806 and #155. Most of the studied amino acid changes affected sensitivity to both drugs, although some changes resulted in specific resistance to #155. We also tested the effects of alteration of two amino acid residues in the gp41 exterior domain on BMS-806 and #155 sensitivity. These gp41 amino acids have been previously associated either with resistance to gp120-directed antibodies or with gp120-gp41 interactions that contribute to Env-mediated syncytium formation (3, 5, 29, 39) . Viruses with the A582T and W596M envelope glycoproteins exhibited levels of sensitivity to BMS-806 and #155 near those of wild-type viruses.
DISCUSSION
We identified several gp120 amino acid residues, changes in which resulted in viruses with marked decreases in sensitivity to the novel HIV-1 entry inhibitors, BMS-806 and #155. Consistent with their related chemical structures, resistance to BMS-806 and #155 demonstrated similar but not identical patterns. The sensitivity of HIV-1 to BMS-806 and #155 was affected by the alteration of variable and conserved gp120 structures. Removal of the V1/V2 variable loops decreased the efficacy of these drugs in a manner influenced by the viral strain from which the envelope glycoproteins were derived. The V1/V2 variable loop-deleted ADA and YU2 viruses were very resistant to BMS-806 and #155, whereas the equivalent construct in the JR-FL strain remained sensitive to the drugs. The opposite pattern of sensitivity was seen when only the V2 loop was removed. The strain-dependent presence of an Nlinked carbohydrate on the stem of the V1/V2 loops at asparagine 197 was shown to be a critical determinant of the straindependent differences in the drug sensitivity of viruses lacking the V1/V2 variable loops. Our results suggest that neither the V1/V2 variable loops nor this N-linked glycan is absolutely required for the ability of gp120 to bind BMS-806 and #155. However, both of these structures may stabilize the conformation of the V1/V2 stem, which is a bridging sheet component and likely contributes to the drug-binding sites (see below). The loss of either variable loops or the glycan leads to some level of drug resistance, depending upon the presence of the remaining element(s). These observations suggest a model in which the absence of some of the large structural elements on the V1/V2 stem-loop leads to indirect conformational effects on drug binding or efficacy mediated by the remaining untethered loops or glycans.
In keeping with the ability of BMS-806 and #155 to inhibit diverse HIV-1 strains, conserved gp120 structures adjacent to the V1/V2 variable regions were identified to be important for drug sensitivity. Changes in several single gp120 amino acid residues allowed significant levels of resistance to BMS-806 and/or #155. In most cases, the envelope glycoproteins with these changes exhibited lower ability to support HIV-1 entry than the corresponding wild-type envelope glycoproteins. Thus, some of the available evolutionary pathways to BMS-806 or #155 escape incur a penalty with respect to viral fitness, at least in tissue-cultured cells. This is consistent with the invariant or highly conserved nature of gp120 residues 112, 113, 125, 257, 375, 382, 426, 433, and 475 in diverse HIV-1 isolates from different phylogenetic clades (16) . Some variability, however, is tolerated in gp120 residues such as lysine 429 and valine 430, changes in which resulted in decreases in sensitivity to BMS-806 and/or #155. Moreover, the M426L mutant exhibited a high level of resistance to BMS-806 and #155 but was quite efficient in supporting HIV-1 infection. Thus, the generation of HIV-1 variants resistant to BMS-806 and #155 appears to be possible, at least in tissue culture. Indeed, escape from BMS-806 inhibition has been observed after tissue culture passage of HIV-1 in the presence of the drug (12a, 22). One of the virus variants selected by this approach exhibited changes in Met 475 of gp120, which in our study conferred modest reductions in BMS-806 and #155 sensitivity but allowed efficient virus replication.
The location of the HIV-1 gp120 residues important for BMS-806 and #155 sensitivity is noteworthy. X-ray crystallographic studies of gp120 complexed with CD4 identified the Phe 43 cavity of gp120 and predicted it to be an attractive binding site for low-molecular-weight inhibitors of HIV-1 entry (19, 20) . Our results suggest that BMS-806 and #155 binding and/or activity can be affected by alteration of gp120 structures surrounding the Phe 43 cavity. Changes in five gp120 residues inhibition. Two of these residues, Ser 375 and Thr 257, are situated on the wall of the Phe 43 cavity formed by the outer domain (Fig. 5) . Previous studies indicated that replacing Ser 375 with tryptophan fills the Phe 43 cavity and predisposes gp120 to assume a CD4-bound conformation even in the absence of ligands (49) . Likewise, substitution of Thr 257 with a larger amino acid residue such as arginine is expected to diminish the size of the Phe 43 cavity. These cavity-filling substitutions dramatically diminished sensitivity to BMS-806 and #155. However, alteration of Ser 375 to alanine resulted in a virus with wild-type levels of sensitivity to BMS-806 and #155. Replacing Thr 257 with amino acid residues containing smaller side chains resulted in viruses more sensitive to these drugs than the virus in which Thr 257 was replaced by arginine. Thus, the major effect of changes in Ser 375 and Thr 257 on BMS-806/#155 sensitivity appears to derive less from the loss of direct contacts between the drugs and the side chains of these gp120 residues than from filling the Phe 43 cavity. In contrast, the changes introduced in Trp 112, Phe 382, and Met 426 do not significantly increase the size of the side chain and therefore potentially disrupt drug-gp120 contacts. Interestingly, although well conserved in HIV-1 isolates, four of the five Phe 43 cavity-lining residues identified in the present study are altered in HIV-2 and SIV (16), accounting for the lack of effect of BMS-806 and related compounds on these viruses (22) . Other gp120 changes associated with BMS-806 and/or #155 escape involved Asp 113, Val 120, Lys 121, Lys 429, and Ala 433. In the CD4-bound conformation of gp120, these residues, along with Phe 382, Trp 112, and Met 426, line a water-filled channel that extends from the Phe 43 cavity to the gp120 surface ( Fig. 5A and B) . This channel exists at the interface of the bridging sheet and the inner domain of gp120 (Fig. 5C ). Of note, #155 seems to be more sensitive to changes in residues (Val 120, Lys 121, Lys 429, and Ala 433) near the inner domain surface than is BMS-806.
Escape from inhibition of BMS-806 and #155 could hypothetically involve decreases in the affinity of drug binding or a diminution in the efficacy of bound drug. The discrete location of the amino acid residues implicated in BMS-806 and #155 resistance is consistent with a potential drug-binding site. Precise predictions of binding modes for these drugs are made difficult by the absence of structural information on drug-gp120 complexes or on gp120 free of bound ligands. Docking studies of these drugs with the available gp120 structures, all of which represent the CD4-bound state (19, 20) , have limitations in light of the significant conformational changes that occur in gp120 upon CD4 binding (27) . Nonetheless, both BMS-806 and #155 can be accommodated without steric clashes in the CD4-bound conformation of gp120, either in the Phe 43 cavity, or in the contiguous water-filled channel, or with part of the drug occupying each of these gp120 elements (Fig. 5C ). In all of these models, the terminal aromatic rings of BMS-806 and #155 form aromatic stacking interactions with key gp120 residues, Trp 112 and Phe 382, implicated in drug resistance. The Phe 43 cavity of gp120 has been suggested as a potential target for drug discovery efforts (19, 20) . Our mutational data and modeling studies suggest that the water-filled channel also plays a prominent role in the binding of BMS-806 and #155. This preliminary model should be useful in guiding future attempts to define the gp120/BMS-806 interaction in greater detail.
Our data on BMS-806 and #155 resistance are consistent with recent studies on the mechanism of the antiviral effect of this class of inhibitors (32a) . At concentrations of BMS-806 near those required for inhibition of HIV-1 infection, we have not observed inhibition of gp120 binding to either CD4 or chemokine receptors. Instead, BMS-806 and related compounds potently interfere with a CD4-induced conformational change in the HIV-1 envelope glycoproteins. This conformational change results in the exposure of the helical heptad repeat region (HR1) on the gp41 envelope glycoprotein (32a). This may activate the gp41 glycoprotein to undergo subsequent conformational changes that form a six-helix bundle and drive the fusion of the viral and target cell membranes. The location of gp120 changes associated with BMS-806 and #155 resistance is compatible with a binding model in which these drugs make no contact with the bound CD4 (Fig. 5C) . Furthermore, the compatibility of BMS-806 binding with the CD4-bound conformation of gp120 is consistent with the lack of BMS-806 interference with CD4:gp120 binding. Apparently, BMS-806 does not prevent CD4 from structuring the unusually flexible gp120 molecule and locking gp120 into the CD4-bound conformation. Rather, the presence of BMS-806 wedged into the bridging sheet-inner domain interface may disrupt intermolecular gp120-gp41 signaling triggered by CD4. This model is consistent with the predicted involvement of the gp120 inner domain in interactions with the gp41 ectodomain (19, 20, 46) . This model also helps to explain the emergence of changes in gp41 and the gp120 inner domain in some BMS-806-resistant HIV-1 variants generated in tissue culture (12a, 22). In functional HIV-1 envelope glycoprotein trimers, the presence of the gp41 ectodomain may limit the access routes of BMS-806 and related compounds to the potential binding sites identified in the present study. In this context, access of the drugs would need to be achieved via the entrance to the Phe 43 cavity. Thus, antiviral efficacy would require that BMS-806 and related molecules bind gp120 prior to CD4 binding. Residue changes such as S375W that fill the Phe 43 cavity and predispose the gp120 glycoprotein to assume a CD4-bound conformation (49) would also be expected to limit the ability of these drugs to access their binding sites on the virus.
In addition to their potential clinical role, BMS-806 and related compounds are interesting tools to study events in HIV-1 entry that occur after receptor binding. Insights into the envelope glycoprotein structures involved in receptor-induced activation of membrane fusion may facilitate the improvement of drugs targeting this process.
